Abstract
Introduction
Aristotle described voice as "sound with a meaning" (1) . In speech and song, meaning is conveyed to the listener by the symbolic use of sound (words) and by the tone of the voice, its pitch, strength and quality. According to the traditional source-filter theory of voice production, the fundamental frequency (F0) of the voice and its harmonics are determined by the length and tension of the vocal folds (2, 3) . As the sound wave passes through the vocal tract, it is shaped into the words we recognize by movement of the articulators, the lips, tongue, jaw and soft palate. The nature of the relationship between the pitch (or tone) of the voice and articulation is unclear (4, 5, 6) . We know that movements of the articulators are accompanied by compensatory adjustments of the pitch production mechanism (7, 8) .
Conversely, changes of voice pitch are accompanied by "important modifications" in the position of the articulators during the production of a vowel sound (5, 9, 10) . A better understanding of the mechanisms underlying this apparent reciprocal relationship between pitch and articulation could contribute to explanations for a number of observations in voice literature that are not yet fully understood. For example, the presence of "unintended compensatory adjustments" of the vocal tract during the rise and fall of the larynx (11), differences in the behaviour of the soft palate between speech and singing (12) , and differences between vocal tract shapes for low and high pitched voices (13, 14) .
Traditionally, voice research occurs within a phonetic context whereby speech or speechrelated sounds are used in experiments designed to investigate vocal adjustments during voice production (15) (16) (17) . This means that when pitch is included as a variable, it is difficult to separate possible contributions arising solely from a change of pitch from those due to articulator movement. However, by humming we can produce sound over a wide pitch range but with negligible articulator input thus allowing movements of the vocal tract and related structures to be investigated within a non-phonetic context. Previously, we successfully examined the vocal tract and related structures within the context of their direct and indirect structural attachments to the cranium, cervical spine and sternum by combining the superior soft tissue definition of magnetic resonance imaging (MRI) with bony reference points used in cephalometry (Rest paper ref). Our results highlighted the need to consider the vocal tract and related structures within the context of their wider structural relationships if important information is not to be missed. In this experiment, we used the same method to examine voice production within a non-phonetic context by investigating vocal changes in subjects asked to hum at low and high pitches. The aims of this study are twofold: to investigate the 2 hypothesis that voice production is accompanied by pitch-related adjustments that are independent of those arising from articulator or jaw-related input and that are currently being masked by, or mistakenly attributed to, articulatory or postural changes; and to look for correlations between vocal structures when subjects hum low and high notes.
Methods

Recruitment
Twelve healthy volunteers were recruited to the study. All but one (who had a tonsillectomy and adenoidectomy as a child) had no history of speech or hearing pathology. As subjects were required to be able to voice and sustain notes of different pitches over 20 seconds while lying in an enclosed space, exclusion criteria included a history of claustrophobia and an inability to maintain a closed mouth position within this 20 second time frame, in addition to the presence of contraindications to MRI such as pacemakers and metallic orthodontic appliances. Approval from Grampian Research Ethic Committee (now North of Scotland Research Ethics Service) was obtained and all subjects gave written informed consent.
Procedure
Before the experiments, NM met with the volunteers to explain the procedure and to establish the lowest and highest notes that could be comfortably, steadily and confidently hummed while breathing out over 20 seconds: volunteers were instructed to look straight ahead without flexing or extending their head, to keep their lips and teeth together, and to rest the tongue comfortably against the roof of the mouth. Beginning with humming a middle range note played on a piano tuned to concert pitch, volunteers ascended (and descended) the scale until a point was found where it was no longer comfortable and the note was beginning to sound strained. By retracing one or two steps, the lowest and highest notes that could be comfortably hummed were obtained. A recording was produced containing the notes for all volunteers. For the whole group these ranged from 98 Hz (G2) to 1047 Hz (C6) where C4 is middle C.
During acquisition of MRI data, volunteers lay supine and were required to adopt a relaxed posture in the MRI scanner. They were instructed to look straight head while holding the lips and teeth together, to rest the tongue comfortably against the hard palate and to maintain this position during production of low and high notes. Individuals were imaged with the head placed in a Sense-Neurovascular array-16 element coil. Deformable foam wedges were used 3 to make the subject comfortable and to restrain the head position. Ear plugs and headphones helped attenuate the scanner noise and the headphones enabled presentation of the previously determined low and high notes. Para-sagittal images were obtained with a 3.0 T Achieva MR system (Philips, Best, Holland) using a turbo spin echo pulse sequence with the following parameters: field of view (FOV) 340 mm x 340 mm; a 768 by 768 matrix; repetition time 4106 ms; echo time 100 ms; 6 slices 4.0 mm thick with a gap of 1.0 mm centred on the midsagittal plane. The number of slices was dictated by the need to optimize image resolution within the time constraint of a single breath (about 20 seconds). The FOV extended from just above the pituitary fossa to the sternal notch, taking in the width of the whole head and neck.
Each individual was scanned three times while adopting the above posture: at rest during quiet breathing, while performing first a low note hum (LNH) and then a high note hum (HNH). To enable each individual to achieve the predetermined low and high notes, the note was played through the headphones and the subject asked to breathe in and to start humming the note while breathing out over twenty seconds. As they began to hum, the scanning sequence started. The MRI slice closest to the mid-sagittal plane was chosen for analysis (identified by the presence of the pituitary fossa, the tip of the odontoid process, the spinal processes and the outline of the trachea and spinal cord).
Image analysis
Images were converted from DICOM to Bitmap format using ImageJ (18) . Software tools, developed by the University of Manchester, UK (19), were used manually to mark reference points as shown in Figure 1 and described in Table 1 . From these points, a program was written to automatically measure the 22 variables chosen to describe the craniocervical, angular, craniocaudal and antero-posterior dimensions illustrated in Figure 1 and listed in Table 2 .
Statistical analysis
Statistical analysis was performed using Sigmastat (v11, Systat Software, Inc.). All data were normally distributed with equal variance. One Way Repeated Measures ANOVA was used to investigate differences between groups and post-hoc ANOVA group comparisons were performed using the Holm-Sidak test with significance set at P ≤ 0.05. Correlations between all 22 variables were sought using Pearson"s product-moment correlation coefficient. To avoid the charge that observed correlations could be attributed to those present in the Rest 4 condition, Rest data were subtracted from LNH and HNH data. Correlations were then sought between variables using data solely attributable to the change of state from Rest to LNH, and from Rest to HNH. For all tests P < 0.05 was taken to indicate statistical significance.
Results
Ten out of twelve subjects met the criteria for inclusion into the study. One subject was unable to adopt the necessary tongue position with the tongue dorsum resting comfortably against the hard palate. Another adopted a hyper-extended neck position and was unable to produce voice comfortably without undue strain. We obtained a full data set for the remaining ten subjects (5 males, 5 females; age range 20-47 with a median of 25 years).
Subjects included singers (one a professional singer) with singing tuition ranging from 6 months to 10 years (median 2 years), and non-singers. The dimensions of variables shown in Figure 1 are described in Table 3 . Results for the Rest condition have been reported previously (Rest Paper ref.). In this paper, we focus upon significant differences between Rest and the low note hum (LNH) and high note hum (HNH) conditions.
Changes in morphology with pitch
We observed significant differences between Rest, LNH and HNH for 9 of the 22 variables involving craniocaudal variables, and one antero-posterior variable. On average, the switch from LNH to HNH was associated with increased craniocervical angles opt/nsl and cvt/nsl (P = 0.008 and 0.002 respectively), shorter perpendicular distances from the base of the cranium to the larynx (l-nsl) and the hyoid (hy-nsl) (P = 0.012 and P < 0.001 respectively) and greater distances between the sternum and the hyoid (stern-hy) and between c3 and the menton (c3-me) (P < 0.001 and 0.003 respectively). Moving from Rest to LNH was also associated with an increased lower craniocervical angle evt/nsl (P = 0.018), but now there was an increased distance between the hyoid and the cranial base (P < 0.001), a shorter sternum-hyoid distance (P < 0.001), and an increased distance of the epiglottis tip from the posterior pharyngeal wall 5 (et-ppw) (P = 0.041) (Figure 2 .2). Moving from Rest to HNH was associated with increased upper (opt/nsl, cvt/nsl) and lower (evt/nsl) craniocervical angles (P = 0.008, 0.002 and 0.018 respectively), and greater distances between c3 and both the hyoid (hy-c3) (P = 0.003) and the menton (P = 0.003) (Figure 2. 3).
Correlation analysis
Widespread correlations were observed between craniocervical, angular and linear variables.
These correlations were different, however, depending upon whether the subjects were humming a low (Table 4 ) or a high (Table 5 ) note, and both were different from those previously published at rest (in this journal-as accompanying paper). For clarity, the term "height" will be used here to refer to the perpendicular distances of the larynx, hyoid, uvula (tip) and epiglottis (tip) from the cranial base.
In Tables 4 and 5 , uncorrelated variables are omitted (in LNH, the distances between the larynx and hyoid (l-hy) and between the uvula tip and the posterior pharyngeal wall (ut-ppw), and in HNH, the height of the hyoid and the angle of the epiglottis (ae)). The remaining variables are arranged, as far as possible, to highlight relationships between them (for all variables, r ≥ 0.63). Since this is a cross-sectional study, it is not possible to directly compare correlations between LNH and HNH for any one individual therefore reference can only be made to changes across the group.
Correlations observed in low note humming Table 4 shows two broad patterns of correlations associated with humming a low note; groups of intercorrelated variables (with overlapping of groups 1-3 and 4-5 listed below), and correlations independently associated with each variable (with the exception of the distances separating the hyoid from both the menton (hy-me) and from the mandible). The groups of intercorrelated variables (from left to right) are comprised as follows:
4. the length of the soft palate (pns-ut) with the sternum-hyoid distance (stern-hy) and the width of the laryngeal tube opening (ltw) (r = 0.69); and,
5
. the width of the laryngeal tube opening with the distance of the hyoid from c3 (hyc3), the menton (hy-me) and the mandible (hy-ma) (r ≥ 0.8).
Correlations observed in high note humming Examination of Table 5 shows one group of intercorrelated variables, between the hyocervical distance and the distances of the hyoid from both the menton and mandible (r ≥ 0.79), and 9 partially overlapping pairs of correlated variables. From left to right these are between:
1. the craniocervical angles opt/nsl and cvt/nsl (r = 0.82);
2. the thyro-hyoid distance (l-hy) and larynx height (l-nsl) (r = 0.67); In addition to these groups, Table 5 shows each variable to be independently associated with other variables with the exception of the following 8 variables: thyro-hyoid distance, epiglottis height, the angle of the soft palate, the width of the laryngeal tube opening, the distance of the uvula tip from the posterior pharyngeal wall, the minimal distance separating the uvula from the posterior pharyngeal wall and the oropharyngeal airway at the tips of the uvula and epiglottis.
Correlations common to both low note humming and high note humming Correlations common to both low and high note humming conditions are strongly and very strongly correlated (r ≥ 0.77) with the exception of 3 pairs of variables (the craniocervical angle opt/nsl and the c3-menton distance in LNH, the oropharyngeal airway at the epiglottis tip and the distance between the epiglottis tip and the posterior pharyngeal wall in HNH, and the craniocervical angle cvt/nsl and uvula height in LNH and HNH) ( Table 6) . From left to right, correlated variables common to LNH and HNH are as follows:
1. the craniocervical angles opt/nsl and cvt/nsl with the c3-menton distance;
2. the craniocervical angle cvt/nsl with uvula height (ut-nsl); 
Discussion
In this study, we showed the switch from humming a low note to humming a high note to be accompanied by significant changes affecting not only the vocal tract and related structures but also extending to other regions of the head and neck. Additionally, changing from one state to another (Rest, LNH or HNH) resulted in different patterns of correlated activity.
These results demonstrate the presence of coordinated, pitch-dependent structural adjustments during voice production under conditions where articulator input is negligible, thus supporting our hypothesis that voice production at different pitches is accompanied by pitch-related adjustments that are independent of those secondary to articulatory or postural input.
On average, the change from humming a low note to humming a high note was accompanied by an increase in the upper craniocervical angles, a rise of the hyoid and larynx in relation to the cranial base, and greater distances between the sternum and hyoid, and between C3 and the menton. Craniocervical changes have been reported in association with voice production but these studies were based within a phonetic context and changes attributed to jaw opening (20) or the development of a more forward head posture (21) . In a little known study, Mitchinson 9 and Yoffey (1948) (22) used X-ray to investigate vocal fold changes while humming at each end of the vocal range. However, in addition to reporting pitch-related changes of the vocal folds, the authors also observed that the change from humming a low note to humming a high note was accompanied by increased antero-posterior thickness of the pre-vertebral soft tissues. Although there were no other observations of pitch-related cervical changes, the following findings were reported: lengthening of the vestibular folds; upward movement of the larynx and, to a lesser extent, the hyoid; approximation of the larynx to the hyoid; rotation, upward and forward movement of the hyoid and epiglottis; narrowing of the laryngeal tube; shortening and widening of the supraglottic space; widening of the anteroposterior supraglottic cavity (thought to be secondary to forward hyoid movement) and straightening of the anterior border of the trachea. With the exception of vestibular fold length, which was not measured in this study, examination of Table 3 and Figure 4 , and correlations observed in association with the laryngeal tube width (indicating hyoid rotation) in LNH (Table 4 and As far as we are able to establish, this is the first study to report pitch-related changes involving the craniocervical angles in a non-phonetic context, a view supported by reports of pitch-related involvement of the neck muscles during phonation (23, 24 ). An explanation for this finding may lie in recognising the common nerve root origin of the nerves supplying postural neck and hyoid muscles (25) . These findings are important and require further investigation as the implications are wide-ranging. For example, a better understanding of structural adjustments accompanying changes of pitch might help explain cervical curvature changes while singing, the increased incidence of cervical abnormalities in professional opera singers compared with non-singers (20, 21, 26, 27) , and the development of voice difficulties in some patients (especially female singers) following cervical spine surgery, (28) . These findings are also relevant in the light of recent suggestions that cervical muscles might have a role in "fine-tuning" during pitch production (27) . To date, other than the knowledge of a close association between pitch and posture, a coherent mechanism that fully accounts for cervical involvement has yet to be presented.
The requirement for rapid, precise and finely coordinated movement of vocal muscles during the production of speech and song is long recognized (29, 30) . It is also acknowledged that the shape, size and position of vocal structures depend upon the balance of muscular tensions throughout the vocal system (31). However, details of the mechanisms underlying this highly complex and coordinated activity remain unclear. Although reports and suggestions of synergistic activity between vocal structures are increasing in voice research literature, (12,20,32-36,36-38) a coherent framework within which to explain these observations is so far lacking (39, 40) . We suggest that knowledge and awareness of pitch-dependent patterns of correlations could provide the basis for such a framework within which it may be possible to further our understanding of mechanisms underlying existing literature observations, and from which it may be possible to develop testable hypotheses concerning a wide range of speech and tonal-related phenomena for subsequent investigation with, for example, MRI and electromyography (EMG).
The power of this approach is demonstrated by its ability to cast light upon mechanisms underlying observations of, for example, the "unintended compensatory adjustments" of the vocal tract (ref?) that accompany the rise and fall of the larynx; differences in soft palate behaviour between speech and singing; and differences in the shape and size of the vocal tract for low and high notes. However, the patterns of highly and very highly correlated variables (r ≥ 0.79) associated with the hyocervical distance, hy-c3, warrant special attention (Figs.3.4 and 3.5) . The hyocervical distance is a measure of the width of the airway. In LNH, hyocervical distance is positively associated with both the velopharyngeal opening (the minimal distance separating the uvula from the posterior pharyngeal wall, u-ppw) and the sagittal width of the laryngeal tube opening, and negatively associated with the distances from the hyoid to the menton and the mandible. In HNH, the hyocervical distance is negatively associated with the height of the uvula tip (ut-nsl) and the distances of the hyoid from both the menton and the mandible. Like the variables associated with soft palate length, non-topographically associated variables between hy-c3 and u-ppw in LNH, and hy-c3 and ut-nsl in HNH indicate the presence of underlying coordinating mechanisms that have a material influence upon the size and shape of the vocal tract and, in particular, of two regions recognised for their importance in the singing voice; the velopharyngeal and laryngeal openings.
Only one of the volunteers in this study was a professional (opera) singer. It is well-known that trained singers adopt singing techniques that encourage a low larynx position (43, 44) . In this study, this individual showed opposite results from those for the remainder of the group for all six variables found to be significantly different between low and high note humming.
Hence, in the professional singer, the switch from humming a low note to humming a high note was accompanied by smaller craniocervical angles, greater distances of the hyoid and larynx from the cranial base, and shorter distances between the sternum and hyoid, and between c3 and the menton. The significance of these findings is currently the subject of investigation.
Implications
The findings of this study do not sit well with the traditional (linear) Source-Filter theory of voice production. The presence of significant pitch-related adjustments and of widespread patterns of pitch-dependent correlations under conditions where articulatory and postural input is negligible suggests that pitch-related vocal fold changes do not occur in isolation but, instead, occur as part of more widespread pitch-related adjustments throughout the head, neck and even, as indicated by thoracic spine involvement (Fig. 4 ) the body. "Mutual interdependence" between the source of the voice, the larynx, and the vocal tract is an old idea (e.g., Lennox Browne, 1875) (45) . However, given increasing recognition of the importance of non-linear phenomena in voice production (46, 47) , the lack of a full understanding of their underlying mechanisms (48, 49) , a long-held view of the requirement to look beyond "the parts" if we are to understand the function of "the whole (vocal) system" and acknowledgement that current theories do not adequately account for a wide range of speech, language and tonal-related phenomena (50,51), we suggest that this is a view that warrants serious re-examination. Overall, the results of this study lead us to put forward a bold and thought-provoking hypothesis that the ability to speak or to sing is superimposed upon a robust underlying pitch-adjusting system where perturbation by, for example, the rapid articulatory movements necessary for the production of speech, results in on-line, widespread and reflexive changes which serve to maintain a steady acoustic output.
Limitations
The small number of subjects is an important limitation of this study. Additionally, mixed sexes, varying ages, heights, weights, pitch ranges, voice classifications, singing experience/training and vocal strategies, all factors known to influence vocal dimensions, mean that great care is needed in the interpretation of these results (52) . More work is necessary to confirm the validity of these findings. Nevertheless, the implication that pitch and articulation need to be separately accounted for in voice production experiments is important and warrants consideration. Future studies would be improved by using clearly defined populations such as healthy male tenors since trained singers are more likely than non-singers to be confident in the use and control of their voice. Another important limitation of this study is the supine position required by the MR scanner. This could be overcome by using a positional MRI scanner, designed for use in the upright position, which would allow investigation of voice production under more realistic conditions.
Conclusion
Traditional voice research largely focuses on the effect of speech-related activity upon the vocal tract, larynx and articulators. In this study we used MRI to explore the hypothesis that voice production is accompanied by pitch-related adjustments that are independent of those secondary to articulator or jaw-related input and that may be masked by, or mistakenly attributed to, articulatory or postural changes. By reducing articulatory and postural input to a The point at the superior extremity of the odontoid process of cv2 cv2ip
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